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ABSTRACT
The objective of this study was to develop a new ASTM standard for the elevated
temperature moisture conditioning of pultruded fiber reinforced polymer composites. The
proposed standard was developed through a combination of a robust literature review of the
many experimental methodologies that have been employed in the past by researchers while
investigating the many effects of environmental factors on fiber reinforced polymer composites
in general and performing the elevated temperature moisture conditioning of a pultruded
composite with subsequent mechanical testing.
A commercially pultruded fiber reinforced polymer composite was used for the
experiments. The composite was machined into recommended shapes and sizes as specified in
relevant ASTM standards, depending on what type of test to be carried out after its conditioning.
For conditioning, samples were submerged in distilled water held at 100 ±3oF and mechanically
tested after immersion periods of 250, 500, 750, 1000, 1250 and 1500 hours. Both tensile and
compression tests were carried out after the conditioning. Samples were also weighed daily for a
given time period to establish a moisture gain profile of the composite. A decrease in tensile
strength was observed for tensile test samples corresponding to increase in conditioning time
following predictions of previous research. Compressive strength of the samples fluctuated after
an initial decrease in strength. A regression analysis carried out on the strength data indicated a
further decrease is expected in the tensile strength with increased immersion times indicating a
progressive degradation while the regression analysis on the compressive strength data showed a
ii


poor fit to the available data. The moisture gain profile of the composite followed a Fickian
distribution and displayed a saturated phase after 30 days of immersion.
Based on both experimental methodology of this study and an introduction of standard
conditioning practices with a few tweaks, a draft standard was proposed for use in the
conditioning of pultruded fiber reinforced polymer composites at elevated temperature and
moisture exposure, and ensuing testing. It is expected that the proposed standard arising from
this study will be presented to the appropriate ASTM committee responsible for the approval of
draft standards for pultruded composites.
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CHAPTER ONE
INTRODUCTION AND OBJECTIVES
1.1

Introduction
Significant research has been conducted in the evaluation of the effects of various

environmental factors, especially moisture and temperature, on polymeric composites. Many
researchers have utilized a wide range of conditioning times and environmental media coupled
with an array of test methods. However, in the area of simultaneous elevated temperature and
moisture conditioning of pultruded fiber reinforced polymer (PFRP) composites for
infrastructure, there is no existing standard testing protocol [1].
According to the ASTM handbook of standardization, a standard is defined as “a
common language that promotes the flow of goods between buyer and seller and protects the
general welfare” [2]. The importance of having a set standard protocol for carrying out such
evaluations cannot be over emphasized. ASTM International is a voluntary body set up for this
purpose and is responsible for “the development of standards on characteristics and performance
of materials, products, systems, and services; and the promotion of related knowledge” [3].
Whenever the need arises or is identified for the development of a standard, a draft of the
proposed standard is submitted to the committee in charge of that material, who in turn through a
step by step democratic process assess the draft and, if found to be suitable, is approved for use
industry-wide. A standards draft proposal should generally give information which includes but
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is not limited to title, scope, referenced standards, terminology, and summary of test method,
significance, apparatus, procedure, conditioning, precision and bias, a report, and keywords [3].
Pultruded fiber reinforced plastics have found their way into structural applications where
they are often subjected to degradation from exposure to elevated temperature and moisture. The
degradation is often limited to properties offered by the matrix to the overall composite, although
studies have shown that the fiber reinforcement properties are also affected [4]. Fiber reinforced
polymers (FRP) with E-glass fiber as reinforcement in particular are extremely vulnerable to
degradation in moisture and water environs, and engineers working with these composites need
to rely on the polymer matrix (resin system) to offer protection from these moist conditions [5].
While extensive research have been done in the area of hygrothermal aging of composites, there
is not sufficient understanding and explanation of the aging process in service environment;
hence, there is a grave necessity to develop a knowledge of the mechanisms and combination of
environmental factors, such as temperature and humidity extremes, which may increase the rates
of deterioration of pultruded composites when deployed in the field [6].
FRP composites have found wide and successful uses in civil engineering especially
structural applications and are in serious contention for use in civil infrastructure in the U.S.
Mechanical properties such as high strength and high stiffness-to-weight ratios make FRP
composites a desirable material for such applications [7]. However, the absence of a design
standard has proven to be a stumbling block to the full optimization of these materials. Civil
engineering is regulated by codes, and therefore, for pultruded composites to match up to other
engineering materials deployed in structures, it is critical to develop a corresponding design code
and standard for the pultruded composites [1]. A load resistance factor design (LFRD) standard
is currently under development by the American Society of Civil Engineers (ASCE) through a
2


project initiated by the Pultrusion Industry Council of the American Composite Manufacturers
Association (ACMA) [1, 8].
Variations in testing methodology usually lead to different results being obtained every
single time thus negating the principles of reproducibility and reusability of the results. It is the
objective of this research work to develop a standard protocol to be applied to testing of
pultruded polymer composites under elevated temperature and moisture exposure. Protocols such
as this are required in support of the LFRD standard.
1.1

Research Objective
When this research work is completed, it is anticipated that a new standard governing the

testing of pultruded composites for structural applications will be born. Ultimately, this work
will be passed on to the ASTM committee responsible for development of new standards for
PFRP composites [9]. This work will also explore and examine the vagaries affecting pultruded
composites in elevated temperature and moisture with the aim of tweaking methods and
procedures to determine the best acceptable practices. Control test samples maintained at room
temperature will be used as a basis for the comparison of the tensile and compressive strengths of
the conditioned samples. A commercially pultruded E-Glass/polyester composite is used for the
experiments in this work. However, the standard developed is intended to be applicable to
pultruded polymeric composites in general regardless of composition, matrix or reinforcement. It
is hoped that on completion of the project, the testing protocol developed in this study will be
adopted by the ASTM committee responsible and voted for use worldwide. To achieve the stated
objective, the Composites Materials Handbook, [10] formerly known as the Mil-17 Handbook
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will be used as a guideline in addition to a host of other composite materials literature. Relevant
ASTM standards on testing will also be referenced as appropriate.

1.2

Scope
This present study will cover all of the following areas in an attempt to address both common

and uncommon issues related to the elevated temperature and moisture conditioning of PFRPs:
•

Literature review of previous research into elevated temperature/moisture conditioning
and testing of FRP composites.

•

Preliminary procedure of test specimen and environmental chamber preparation,
regulation of environmental variables, and weighing.

•

Determination of moisture absorption levels through daily weight measurements.

•

Examination of test specimen after specific intervals, tensile and compressive testing, and
failure mode determination.

•

A regression analysis to determine the percentage (%) retention after 1000-hours of
exposure for the mean values of tensile and compressive strengths.

•

Preparation of a comprehensive ASTM standard protocol based on the results of the
experiments and subsequent analysis.

4




CHAPTER TWO
LITERATURE REVIEW
2.1

Background
This chapter presents a non-exhaustive study carried out on the various methodologies

that have been adopted by researchers in the experimental determination and simulation of the
effects of adverse environmental conditions on FRP composites. These conditions include
temperature, wetting and drying cycles, deicing salts in subzero climates, and a host of other
adverse conditions. It is of great importance that the methods previously devised and utilized are
understood in order to incorporate all encountered factors into the development of a standard
protocol and for verification of the predictability, reusability and reproducibility of results.
It is generally common knowledge that a drawback of composites is the absorption of
moisture when exposure occurs for long periods. For FRP composites, the service temperature is
of great concern as most polymer matrixes (thermosets and thermoplastics) cannot withstand
temperatures exceeding 250oC without degradation and subsequent failure [11]. Once the glass
transition temperature (Tg) is exceeded, the polymer will lose its strength and stiffness swiftly. It
follows that increased temperatures would lead to the degradation of the mechanical properties
(especially the strength and the stiffness) of FRP composites, limiting their use in high
temperature applications [12, 13, 14].
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Of concern to this research work are the ways and methods of the simulation of the
environment responsible for the degradation and the determination of the extent of the damage,
hence, the need for a standard set protocol. In the ensuing pages, this chapter will address the
methodologies that have been employed and concerns encountered with the aim of leveling
unifying factors such as exposure time, environmental variables and data to be reported.
2.2

Elevated Temperature Exposure (dry)
When FRP composites are deployed as a substitute for materials like steel in civil

engineering applications, a pressing restriction in the adoption of the FRP is its response to a
high temperature situation which may be caused by fire. The evaluation of the resistance of the
FRP is not a simplistic one as there exist different types of physical and chemical changes
triggered by the heat. A short exposure to heat may not necessarily be the originator of the
damage and on the other hand, may even improve some mechanical properties [15].
In an experimental study of mechanical properties of fiber reinforced polymer composites
and steel reinforcing bars at elevated temperatures, Wang et al [16] set out to expose carbon fiber
reinforced polyester (CFRP) bars and glass fiber reinforced polyester (GFRP) bars of 9.5 mm
and 12.7 mm diameter respectively to dry heat in an oven with air flow while maintaining a close
control over parameter details such as exposure times, temperatures, and air velocity over the
specimen. Tensile strength and Young’s modulus obtained from the specimen exposed revealed
a stable value up to a temperature of 250oC. At 300oC - 350oC, there was a sharp drop in the
Young’s modulus up to one half of the properties at 200oC. Wang et al concluded the ultimate
strength decreased as the temperatures increased while on the other hand, the Young’s modulus
showed a small increase when the temperature was less elevated but later decreased as did the
ultimate strength when the temperature reached higher levels. The small initial increase in
6




Young’s modulus at 200oC was deemed to the effect of the probable formation of more cross
links between the polymeric chains of the thermosetting resin. Table 2.1 shows a summary of the
variations Wang et al observed in the tensile strengths and modulus of the CFRP and GFRP bars
exposed to dry heat. Though the experiments encompassed the exposure of FRPs to dry heat, a
decrease in mechanical properties was observed and is also expected for wet elevated
temperature exposure. This research was carried out through collaboration between the
University of Manchester, UK and the National Research Council of Canada (NRCC) with the
aim of developing material property data on the variation of strength and stiffness to be deployed
in computer models for modeling the fire resistance of concrete reinforced with FRP bars. All the
tests were carried out in a specially built rig which had the samples enclosed in an electrically
heated kiln. The main conclusion was the fact that temperatures bordering on 350oC were very
critical to the examined fiber reinforced polyester composites. Below this temperature, the FRP
bars still retained up to 90% of their original stiffness.
It is obvious in the light of the results obtained by Wang et al that a close temperature
control has to be achieved in the elevated temperature testing of FRPs. Although they did not
follow any existing ASTM standard, guidelines form the American Concrete Institute (ACI) and
the Committee of European Standardization as well as the Euro Code for design of composite,
steel and concrete structures were adhered to. This illustrates further that for a test to be valid,
there should be some sort of standard followed to minimize the occurrence of arbitrary results
every time such a test is carried out.
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Table 2.1: Measured tensile strength and modulus of elasticity of CFRP AND GFRP samples at
increasing temperatures (dry heat)

NA = Not Available
Source: Y. Wang, P. Wong, and V. Kodur, “An Experimental Study of the Mechanical
Properties of Fiber Reinforced Polymer (FRP) and Steel Reinforcing Bars at Elevated
Temperatures,” Composite Structures, vol. 80, Sep. 2007, p.135
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A separate study by Katz et al [17] reported a decrease of between 80 - 90% in the bond
strength of FRP reinforcing bars as the temperature increased from 20 - 250oC, a huge difference
from a reduction of only 38% in steel bars subjected to same temperature range. This study’s
experimental methodology consisted of subjecting FRP rebars to a high rate heating of 5oC/min
mirroring a rate identical to temperature increase in case of a fire. Four FRP rebar samples and a
steel sample were tested; the FRP rebars had urethane modified vinyl ester, epoxy vinyl ester,
and polyester as the types of resin in the core of the rebars. Also, each sample had a helical braid
of glass fiber wound around it. The samples were previously held for 28 days at standard
laboratory conditions (21oC, 60% relative humidity). As expected, temperature control and the
preconditioning of the test samples continued to play a major role in the elevated temperature
testing of FRPs. These factors will be well articulated into the ASTM standard being developed
in this research work.
The collapse of continuous fiber composite beams at elevated temperatures was
examined by Wang and Evans [18] by performing short-beam tests at temperatures ranging
between 20oC and 300oC. Coupons were cut from a unidirectional composite consisting of
graphite fibers in a PEEK matrix. The collapse observed was triggered by the mechanism of
delamination and interlaminar shear. There exists a standard for performing short-beam tests
designated "ASTM D2344/D2344M-01 Standard Test Method for Short-Beam Strength of
Polymer Matrix Composite Materials and Their Laminates"[19], which specifies procedural
methodology for the type of tests performed even though Wang and Evans introduced an
elevated temperature factor in their experiments in order to also investigate creep.
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2.3

Elevated Temperature Exposure (wet)
In a research endeavor similar to the current work, the response of pultruded E-

glass/vinylester composites to submersion in water at 23, 40, 60, 80oC was documented by Chu
et al [20]. The degradation effected by this wet exposures was evaluated by dynamic mechanical
thermal analysis (DMTA), mechanical testing (tensile and short-beam), and moisture absorption
measurements. As expected, the samples were found to be damaged and degraded irreparably as
the tests progressed with extended periods of water immersion and increased temperatures. The
mechanism of degradation centered on hydrolysis, micro-cracking and interfacial de-bonding of
the composite. In performing these tests, ASTM standards were adhered to for the mechanical
testing; ASTM D3039 for the tensile testing and ASTM D2344 for the short-beam test. The
timing and exposure of samples to the deionized water was independently selected as there was
no standard procedure to follow, as such is the focus of this present work. Comparison of the
moisture uptake was achieved through a similar exposure of the neat vinyl ester resin as a control
sample. The moisture absorption was found to rise with increased temperatures exhibiting a
Fickian response. The tensile characterization of submersed samples showed an increasing level
of degradation with increasing levels of temperature and time of exposure. This eventually
reached a steady value, much lower than the initial strength of the as-received samples (Fig 2.1).
The maximum exposure time was 75 weeks which was thought to be enough to fully degrade the
samples to have effects similar to service environs. Chu et al went further to correlate the data
obtained for the four temperature levels as a linear fit to the Arrhenius equation. This allowed for
the prediction of long term effects of wet elevated temperature exposure assuming materials
follow the same degradation pattern.
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Tetsuya Harada and Hirokazu Yamada [21] in a study to develop a resin with excellent
resistance to hot water subjected 26 different unsaturated polyester resins to water held at 92oC
for periods of 200, 500 and 1300 hours. A regression analysis was used to characterize the
relationship between the resin properties and its hot water resistance. A basic conclusion of their
study on the polyester resins revealed that water diffusion into the castings of the polyester resin
is a key factor in its degradation. Periodic visual inspections of the conditioned resin samples
were carried out, and these served to reveal some interesting appearance changes. In the current
work, samples will be visually inspected during the daily weighing regime.
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Fig.2.1: (a) Change in tensile strength as a function of time and temperature of immersion of
Pultruded E-glass/vinylester composite in deionized water, (b) change in tensile strength as a
function of time and temperature of immersion in alkali solution.
Source: W. Chu, L. Wu, and V.M. Karbhari, “Durability Evaluation of Moderate Temperature
Cured E-glass/vinylester Systems,” Composite Structures, vol. 66, Dec. 2004, pp. 367-376.
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More PFRP durability studies carried out by Reibel and Keller [22] involved immersion
of PFRP samples in alkaline pore water solutions, each maintained at a temperature of 20, 40 and
60oC for an 18 month period. The samples consisted of an isophthalic polyester resin reinforced
with E-glass fibers. Rapid moisture intake and degradation occurred within the first few days.
Moisture intake was mainly through cracks in the matrix and fiber/matrix interface. The moisture
uptake led to a loss of matrix stiffness and subsequently a drop in the composite’s compression
strength. The conclusion of this particular study helped predict an acceptable level of strength
and stiffness decrease allowable in the service life of a hybrid GFRP/steel joint for a period of 70
years. This durability study of PFRP indicated moisture uptake measurements as an integral part
of wet conditioning of PFRPs. The importance of moisture uptake measurements will be
examined shortly and should form an integral part of any wet conditioning of PFRPs.
Chin et al [23] while studying the effects of environmental exposure on FRPs
investigated the chemical and mechanical response of both vinyl ester and isophthalic polyester
resin systems by exposing them to moisture alkaline, saline, and ultra violet (UV) radiation.
Afterwards, tensile testing, differential scanning calometry (DSC), and DMTA were carried out.
Atomic force microscopy images (AFM) of the exposed resins were also obtained. A breakdown
of the variations in ultimate tensile strengths of both the vinyl ester and isopolyester samples
after 1300 hours of immersion in various media is shown in Fig 2.2. Results from DSC and
tensile testing of exposed samples indicated no major changes in Tg or ultimate tensile strengths
for both the isopolyester and vinyl ester resin systems after 1300 hours of immersion and UV
exposure. The UV exposure only resulted in a surface oxidation of the samples. All immersion
media were maintained at ambient temperature and revealed no information about how both
resin samples would have performed if the conditioning media were subjected to some form of
13




elevated temperature. No mention was made of any industry standard testing protocol followed
while performing the conditioning and testing of the resin systems.

(a)

(b)
Fig 2.2: Ultimate tensile strengths of (a) vinyl ester samples and (b) isopolyester samples after
1300 hours of immersion in water, salt solution and concrete pore solution (alkaline) at ambient
temperature
Source: Chin, J.W., Aouadi, K., and Nguyen, T., “Effects of Environmental Exposure on Fiber
Reinforced Plastic (FRP) Materials Used in Construction,” Journal of Composites and
Technology & Research, JCTRER, Vol. 19. No.4, October 1997, pp 205-213
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Kim et al [24] while investigating the durability of GFRP rods in various media exposed
two types of E-glass/vinyl ester rods to moisture, chloride, alkali and freeze-thaw cycling
conditions for a period up to 132 days. Each of the moisture, alkali, and chloride media was
maintained at temperatures of 25oC, 40oC, and 80oC. As anticipated, the test results showed a
significant decrease in the tensile properties of the GFRP rods after the conditioning. On a micro
level, a strand type E-glass/vinyl ester specimen was subjected to five different environmental
conditions for 130 days. It was realized as the tests progressed that a temperature of 80oC may be
too high for the samples as tensile strength of the samples exposed at 80oC reduced by more than
50% regardless of the conditioning media. The vinyl ester resin used may have a lower
temperature resistance, and in one instance of the E-glass/vinyl ester rods especially, an elevated
temperature of 80oC, which was also deployed for the other samples was deemed too high for its
conditioning. However, the degradation pattern observed for all specimen composition and
environmental conditions remained similar. As many as 520 GFRP samples were used by Kim et
al, and subjecting so many samples to various temperatures and environmental conditions can
become confusing especially where there is no set conditioning time and environmental
parameters to follow. This further reiterates the need for an ASTM testing protocol for these
purposes. ASTM standards followed in the research carried out by Kim et al include ASTM
D3916 i.e. “Standard Test Method for Tensile Properties of Pultruded Glass-Fiber Reinforced
Plastic Rods and

ASTM D4475 which is the “Standard Test Method for Apparent Shear

Strength of Pultruded Reinforced Plastic Rods by the Short-Beam Method”.
In a more recent program, Robert and Benmokrane [25] conducted wet elevated
temperature testing of sand coated pultruded FRP reinforcing bars composed of E-glass fibers
and vinyl ester resin. Before running their tests, they utilized some ASTM standards to determine
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the mass fraction of the glass by thermogravimetric analysis, and its relative density according to
ASTM D792. The conditioning process itself followed no standard due to unavailability as such
is the focus of this work. The tensile, flexural and shear tests followed ASTM and ACI standards
while the conditioning of the specimen was carried out using procedures determined by the
researchers. Although their wet elevated temperature experimental methodology appears to be
the most comprehensive of all the literature reviewed, the conditioning of the specimen did not
follow a standard procedure i.e. duration of immersion in water and temperatures selected were
at the behest of the researchers. A mention was made of procedure 7.4 of ASTM D570
“Standard Test Method for Water Absorption of Plastics,” which the researchers applied to the
immersion of the specimen; however, they changed the stated temperature in the standard to
50oC.
Fredric Pomiles et al [26] studied the effects of exposing polymer matrix composites to a
marine environment. They subjected various combinations of fibers and resin systems such as
carbon/epoxy, E-glass/epoxy, E-glass/polyphenylsulphide (PPS), and carbon/bismaleimide
(BMI) to distilled water and natural seawater held at 35oC and at room temperature. A unique
feature of this study is the fact that several specimen geometries were conditioned which allowed
for a study of diffusivity in both longitudinal and transverse directions. The strength of the
samples was observed to be drastically reduced after water absorption. They made use of neat
resin samples to serve as control samples (both exposed and unexposed). In order to ensure
maximum moisture absorption, the researchers ensured the polymer matrix composite samples
were immersed in such a way that the cut/machined edges were exposed. This important practice
of machining samples prior to immersion will be adhered to in the current study so as to
maximize water absorption in the samples. Care will also be taken to ensure samples do not
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touch each other in the conditioning medium of 100oF distilled water employed for this study,
and any contact between samples immersed will be reduced to the barest minimum.
Chi Hung Sen and George Springer [27] directly examined the effects of moisture and
temperature on the tensile strength of composite materials. Of concern to their research was the
amount of degradation a graphite/epoxy composite will go through when subjected to
temperatures ranging from 200K to 450K (73oC to 177oC) with moisture content ranging from
0% (dry) to 1.5% which represents full saturation. The degradation was evaluated by performing
tensile tests on samples exposed to these environmental conditions of high temperature and
moisture. Prior to tensile strength measurements, specimens were completely dried in a
desiccator and then kept in a temperature and humidity controlled environmental chamber. The
times of exposure were not reported, but the samples were left until they achieved full saturation
(1.5%). Tensile tests were also performed at periods corresponding to 1/3 and 2/3 of the fully
saturated value. It is expected that in the current work, samples exposed to distilled water at
100oF would have absorbed a significant percentage of water and will be near saturation after
1500 hours of exposure. Saturation may still not be achieved after this exposure time; however, a
practical exposure time limit will be set for the standard.
Closely related to the above research endeavor, Paul Miller [28] of the US Naval
Academy investigated the effects of moisture absorption and test method on the properties of Eglass/polyester hull laminates. For conditioning purposes and determination of moisture
absorption, two groups of samples were exposed to tap water and 100% relative humidity and
maintained at room temperature for a period of 15 months while a third group was kept dry at
room temperature. To simulate accelerated aging, the group of samples maintained at 100%
relative humidity was boiled for 24 hours prior to the testing. He found the boiled samples to
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possess much different physical and visual properties, lower tensile strengths and lower levels of
audio output during testing than both the dry room temperature samples and the wet samples.
Jiming Zhou and James Lucas [29] also looked at the effects of immersing a
unidirectional graphite/epoxy composite material in distilled water held at 45, 50, 75 and 90oC
for a period greater than 800 hours. By measuring the weight change profile as holding time
progressed, they obtained a weight change profile which exhibited some divergence from the
theoretical Fickian diffusion law. They, however, made mention of the step of removing surface
water on the specimens prior to weighing by using a clean dry paper towel. Dimensional changes
of the specimens were also measured periodically, and it was found that there was no detectable
dimensional change along the fiber direction. This is ascribed to the fact that carbon is highly
resistant to water absorption and as such, the longitudinal dimension (fiber axis) was considered
stable. However, a dimensional change (decrease) was observed along the thickness of the
samples corresponding to the weight change profile. Again, no mention was made of the
standards adhered to in this study, thus further demonstrating the need for an industry standard
for elevated moisture conditioning of pultruded polymer matrix composites.
Citing lack of long term data on composite materials under mechanical loading in sea
water, Alain Lagrange and Regis Jacquet [30] proceeded to study the aging of an Eglass/polyester laminate in sea water. Samples of dimension 100mm x 50mm x 2.2mm were cut
out of a thin plate of unidirectional laminate, dried at 40oC until they had a constant weight and
then immersed in temperature controlled sea water and weighed periodically. For mechanical
testing purposes, samples were immersed in sea water held at 40oC, 60oC, and 80oC for a period
of six months. In order to compare effects of the deterioration and degrading with respect to
moisture absorption, Alain Lagrange and Regis Jacquet subjected some immersed samples to a
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‘redrying’ process whereby after aging, the samples were dried at 60oC until they achieved a
constant weight and were then tested. In this current work, samples were left to sit at room
temperature for two hour prior to testing. Although this is not a “redrying” step, the aim of
leaving out the samples for a two hour period is to demonstrate there is an available time window
after removal from the conditioning environment that can be used for testing without having a
significant effect on the mechanical properties of the composite. The “redrying” actually
involves the process of intentionally removing moisture from the samples before subjecting them
to any form of testing. A pre-determined wait period will also be incorporated into the present
study and draft standard under development.
It is highly imperative that a baseline measurement be maintained throughout the period
of testing and data compilation. This is easily achieved by testing the composite in its as-received
state i.e. without the samples having been placed in the environmental chambers. George
Springer et al [31], while investigating the environmental effects on E-glass/polyester
composites, found that the mechanical properties of as-received (baseline) composite samples
and “re-dried’ samples at 66oC after wet environmental conditioning did not change
significantly. Otherwise known as control samples, these samples help to form a basis for
comparison of testing data and this baseline data is required whenever a polymer matrix
composite is to be subjected to some conditioning other than dry room temperature conditioning.
2.4

Prediction of Service Life after Wet/Dry Exposure
Wellington Chu and Vistasp Karbhari [32] further validated the feasibility of the

acceleration procedure suggested by Litherland and Proctor (1981/82) by the results of a plot of
the logarithm of time to reach a set of levels of normalized performance vs. 1000/T (T in oK).
This was used to predict service life of an E-glass/vinyl ester composite at a given temperature.
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Data obtained for the 40oC, 60oC, and 80oC immersions was utilized to make predictions for
property retention as a function of time for the sample maintained at 23oC immersion. From this
procedure, results obtained for the prediction are presented in Table 2.2.

Table 2.2: Predicted Values of Percentage Strength Retention of Pultruded E-Glass/vinylester
Composites
Tensile strength

SB strength

Retention

Retention

“Wet”

“Dry”

“Wet”

“Dry:

(%)

(%)

(%)

(%)

a

70.2

78.3

86.5

91.3

1.44b

64.4

75.1

84

89.6

2

61.3

72.5

82

88.2

5

52.7

65.3

76.4

84.3

7

49.5

62.6

74.4

82.8

10

46.2

59.8

72.2

81.3

15

42.4

56.6

69.8

79.5

20

39.7

54.3

68

78.3

25

37.6

52.5

66.6

77.3

30

35.9

51.1

65.5

76.6

50

31.2

47.1

62.4

74.4

Time (Years)
0.96

a

Corresponding to experimental test period of 50 weeks.

b

Corresponding to experimental test period of 75 weeks.

SB = Short Beam

Source: W. Chu and V.M. Karbhari, “Effect of Water Sorption on Performance of Pultruded EGlass/vinylester Composites,” Journal of Materials in Civil Engineering, 2005, p. 69
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The predictions of Wellington Chu and Vistasp Karbhari correlated well with their
experimental data for the 50 week and 70 weeks exposure in the dry state. The predictions also
obeyed allowable limits within the overall scatter of experimental data for the wet exposure. The
significance of this predictability of results is not lost on the absence of a standard to performing
these tests. The present research endeavor seeks to incorporate significant conditions and factors
to fashion a suitable standard for elevated temperature moisture conditioning and subsequent
testing.
While trying to enact a unifying standard for the long term durability testing of FRPs, a
question was asked: should there be any limitations to such? Robert et al [33] attempted to
answer this by postulating that the use of a high temperature for conditioning is necessary to
serve as an accelerating factor. However, this high temperature usage could accentuate the
reduction of the properties of the samples leading to a very conservative forecast of long term
properties. In investigating this postulation, Robert et al conditioned pultruded E-glass/vinyl
ester composite bars in distilled water for a period of 40, 100, and 120 days at four different
temperatures of 23, 40, 60, and 80oC. The selection of the very high temperatures was to obtain
the best possible rate of aging. This high temperature selection on the other hand can lead to the
over degradation of the polymer resin and in turn give an untrue and underestimated life times of
GFRPs. To combat random selection of conditioning temperatures, there exists a standard test
protocol for accelerated testing of the alkali resistance of FRP reinforcing bars designated ACI
440.3R [49]. This standard presented by the American Concrete Institute stipulates the
temperature of accelerated tests in alkaline solutions to be equal to 60oC. Robert el al concluded
the use of temperatures exceeding 60oC will lead to the modification of the thermomechanical
induced degradation mechanisms of the composite in addition to the acceleration of the kinetics
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of degradation and lower temperature induced reactions. This poses a limitation to the long term
durability testing of FRPs. The current research will work towards stipulating 100oF (38oC) as
the set temperature of elevated testing of PFRP in distilled water. This practice will insure that
the exposure temperature is below Tg for all composites tested.
From the foregoing discussions, it has been shown that the subjection of FRP composites
to elevated temperatures and their subsequent degradation is of much importance to structural
engineers wherever they (FRP composites) are being utilized. There exists a huge demand for
experimental studies into this field, and much research has been done in this regard. Properties
reported after the tests vary from tensile, shear and flexural properties to the micro structural
examination of SEM, TGA and DSC. A decrease in mechanical properties especially (strength
and stiffness) has always been reported despite the much obvious differences in experimental
methodology. Samples have been subjected to different media (wet – dry) and a very wide range
of temperatures from sub- zero temps to elevated temps as high as 350oC. Some integral aspects
to experimental studies in wet elevated temperature conditioning such as the duration of testing,
environmental variables, moisture absorption, and expected failure modes are examined next. A
summary of all the above reviewed literature pertaining to the elevated temperature moisture
testing of composites is presented in Table 2.3.
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[22]

[21]

[20]

[18]

Urethane modified vinyl
ester, epoxy vinyl ester, and
polyester as the types of
resin in the core of rebars,
with each sample had a
helical braid of glass fiber
wound around it.
Unidirectional
composite
consisting of graphite fibers
in a PEEK matrix.
Pultruded E-glass/vinyl-ester
composites

[17]

Effects



Temperatures (dry) ranging Collapse observed during short-beam
between, 20oC and 300oC
tests, triggered by the mechanism of
delamination and interlaminar shear.
Submersion in water at 23, The samples were found to be
40, 60, 80oC for 75 weeks
damaged and degraded irreparably as
the tests progressed with extended
periods of water immersion and
increased temperatures
Unsaturated polyester resins Water held at 92oC for Water diffusion into the castings of
periods of 200, 500 and the polyester resin is a key factor in its
1300 hours.
degradation.
Isophthalic polyester resin Alkaline
pore
water The moisture uptake led to a loss of
reinforced
with
E-glass solutions, each maintained matrix stiffness and subsequently a
fibers.
at a temperature of 20, 40 drop in the composite’s compression
and 60oC for 18 months
strength.

Tensile strength and Young’s modulus
obtained from the specimen exposed
revealed a stable value up to a
temperature of 250oC. At 300oC 350oC, there was a sharp drop in the
Young’s modulus up to one half of the
properties at 200oC.
28
days
at
standard Decrease of between 80 - 90% in the
laboratory conditions (21oC, bond strength of FRP reinforcing bars
60% relative humidity).
as the temperature increased from 20 250oC, a huge difference from a
reduction of only 38% in steel bars
subjected to same temperature range.

Material Constituents
Environmental
(reinforcement/resin)
Conditioning
Carbon fiber reinforced Dry heat in an oven with air
polyester (CFRP) bars and flow
glass
fiber
reinforced
polyester (GFRP) bars

Ref.
No
[16]

Table 2.3: A summary of the investigation of environmental effects on composites in reviewed literature.

No standards
followed/or mentioned

No standards
followed/or mentioned

ASTM D3039 for the
tensile
testing
and
ASTM D2344 for the
short-beam test

ASTM D2344/D2344M01

No standards
followed/or mentioned

American
Concrete
Institute (ACI) and the
Committee of European
Standardization as well
as the Euro Code for
design of composite,

Standards Followed
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Distilled water held at 45,
composite 50, 75, and 90oC for a
period greater than 800
hours

No standards
followed/or mentioned

No standards
followed/or mentioned

No standards
followed/or mentioned

ASTM D792, ASTM
D570 and ACI standards

No mention was made
of any industry standard
testing
protocol
followed
while
performing
the
conditioning and testing
of the resin systems.

Dimensional change (decrease) was No standards
observed along the thickness of the followed/or mentioned
samples corresponding to the weight
change profile

Unidirectional
graphite/epoxy
material

[29]

[28]

[27]

[26]

[25]

Results from DSC and tensile testing
of exposed samples indicated no major
changes in Tg or ultimate tensile
strengths for both the isopolyester and
vinyl ester resin systems after 1300
hours of immersion and UV exposure.
The UV exposure only resulted in a
surface oxidation of the samples.
Sand coated pultruded FRP Wet elevated temperature at Tensile, flexural and shear tests
reinforcing bars composed of 50oC
indicated a degradation of composite
E-glass fibers and vinyl ester
resin.
Carbon/epoxy,E-glass/epoxy, Distilled water and natural Strength of the samples was observed
E-glass/polyphenylsulphide
seawater held at 35oC and at to be drastically reduced after water
(PPS), and
room temperature
absorption.
carbon/bismaleimide (BMI)
Graphite/epoxy composite
Temperatures ranging from Tensile tests were also performed at
200K to 450Kwith moisture periods corresponding to 1/3 and 2/3
content ranging from 0% of the fully saturated value showing
(dry) to 1.5%. exposure samples were degraded.
time not reported
E-glass/polyester hull
Tap water and 100% Boiled samples possessed much
laminates
relative
humidity
and different
physical
and
visual
maintained
at
room properties, lower tensile strengths and
temperature for a period of lower levels of audio output during
15 month. Boiled samples in testing than both the dry room
water too
temperature samples and the wet
samples

Vinyl ester and isophthalic Moisture alkaline, saline,
polyester resin systems
and ultra violet (UV)
radiation. 1300 hours of
immersion

[23]

25



[33]



40oC, 60oC, and 80oC
immersions for 50 weeks
and 70 weeks, also with
exposure in the dry state
Pultruded E-glass/vinyl ester Distilled water for a period
composite bars
of 40, 100 and 120 days at
four different temperatures
of 23, 40, 60 and 80oC

[32]

E-glass/vinyl ester

E-glass/polyester

[31]

Sea water and in distilled
water held at 40oC, 60oC
and 80oC for a period of six
months
Wet
environmental
conditioning following by
“redrying” at 66oC

E-glass/polyester

[30]

Mechanical properties of as-received
(baseline) composite samples and “redried’ samples at 66oC after wet
environmental conditioning did not
change significantly
Predictions of strength of in state
which also obeyed allowable limits
within the overall scatter of
experimental data for the wet exposure
Use of temperatures exceeding 60oC
will lead to the modification of the
thermomechanical
induced
degradation mechanisms of the
composite in addition to the
acceleration of the kinetics of
degradation

ACI 440.3R

No standards
followed/or mentioned

No standards
followed/or mentioned

Deterioration and degrading evidenced No standards
in mechanical testing results
followed/or mentioned



2.5

Duration of Testing
Generally there has not been much report of the duration of the period of time from the

removal of the specimen from the conditioning media to the start of mechanical testing. The
proposed standard of this work seeks to specify time duration of a 2 hour period between
removal of samples and testing. This removal to testing window period is thought to provide
sufficient time for the samples to be removed from conditioning medium, weighed, and
dimensions taken prior to testing, but with the samples still being representative of the
environmental conditioning. The actual testing is meant to be completed within 2-4 hours after
removal from conditioning media. To verify this postulation, PFRP samples will be tested after
conditioning for 250 hours, after intervals of 0, 1, 2, 4 and 6 hours between removal from the
deionized water and mechanical testing. Based on results of the initial testing of samples
conditioned for 250 hours, a recommendation will be made on the exact duration of allowable
time in which samples must be subjected to mechanical tests. Prior to testing, specimen will also
be wiped clean of excess water with a paper towel and its weight recorded.
2.6

Environmental Variables
No record was found in reviewed literature of the nature of the turbulence or disturbance

level of the various media FRP composites have been exposed to for aging purposes. It is
assumed by this author that in previous wet elevated temperature conditioning experiments, the
conditioning media was left stagnant, and thus contained pockets of 'dead spaces'. This work
seeks to establish a mode of keeping the water moving at all times around all immersed samples.
The circulation is to minimize ‘dead spaces’ around the conditioning chambers. The stagnancy of
the conditioning media will be lessened in the current study by the introduction of a pump
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designed to keep the water circulating around all immersed test samples. Information to this
revision will be contained in the proposed standard.
2.7

Testing and Failure Modes
Both tensile and compression tests will be carried out on samples after removal from the

distilled water. After performing the mechanical tests, the samples will be examined to ensure
the correct failure mode has occurred. Although compression testing is expected to be more
sensitive to fiber/matrix debonding damage that may occur due to moisture exposure at elevated
temperatures, both tensile and compression data are examined in this study. The requirement to
provide tensile data for pultruded composites exposed to environmental conditions for the LRFD
standard for pultruded composites creates the need for a tensile testing of the specimens for this
study.
2.7.1

Tensile testing and failure modes
The type of tensile test utilized in this study is the method of testing specified in ASTM

D638 “Standard Test Method for Tensile Properties of Plastics” [39]. This tensile testing method
was selected in order to conform to the tensile test method specified for data generation
according to the LRFD standard in development for pultruded composites [1]. Because
information about failure modes is not specified in ASTM D638, this report will follow the
tensile failure mode codes as specified in ASTM D3039 “Standard Test Method for the Tensile
Properties of Polymer Matrix Composite Materials” [40] as shown in Figure 2.3. A common
tensile failure mode in E-glass/polyester pultruded composite is delamination which is expected
and often occurs at elevated temperatures [50]. This failure mode often sheds light on an intrinsic
weakness of 2-D fiber reinforcement of PFRPs. It is expected that the delamination mode
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encountered after tensile testing will become more pronounced with increasing conditioning time
and higher temperatures as the conditioning directly affects the fiber/matrix interface.
2.7.2

Compression testing and failure modes
There exist a number of compression testing standards that can be utilized as a guide to

the compression testing of composites. These standards include ASTM D3410, ASTM D695 and
ASTM D6641. For the purpose of this study and the proposed standards, the compression test
method specified in ASTM D6641 standard “Standard Test Method for Determining the
Compressive Properties of Polymer Matrix Composite Laminates Using a Combined Loading
Compression (CLC) Test Fixture,” was used and is recommended in the proposed standard under
development. This compression testing method was selected in order to conform to the
compression test method specified for compression data generation according to the LRFD
standard in development for pultruded composites [1]. The ASTM D6641-09 standard utilizes a
combined loading compression (CLC) method which basically combines desirable features from
the ASTM D695 such as end loading methods, and shear loading methods from ASTM D3410
standard without the disadvantages of both methods [34]. Commonly encountered failure modes
in the compression testing of pultruded composites are reported in form of failure identification
codes contained in ASTM D6641-09 presented schematically in Figure 2.4. Samples will not be
tabbed due to stress concentrations and additional cumbersomeness of tabbing the samples after
removal from immersion in conditioning media.
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Fig 2.3: Common Tensile Test Failure Modes in FRP Composites
Source: ASTM D3039/3039M. “Standard Test Method for the Tensile Properties of Polymer
Matrix Composite Materials,” ASTM International, 2008.
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Fig 2.4: Common Compression Test Failure Modes.
Source: ASTM D6641/D/6641M. “Standard Test Method for the Compressive Properties of
Polymer Matrix Composite Materials using a Combined Loading Compression Test Fixture,”
ASTM International, 2009.
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2.8

Report Format
Over the years, many researchers have elected to report their results in various formats as

they deemed fit. It is essential that there is some standardized format to which data from wet
elevated temperature conditioning follow. The ASTM standard being developed in this work will
specify what is required to be reported generally. This includes and is not limited to:
•

The ASTM mechanical test protocol(s) to be used.

•

Equipment used for the environmental chamber.

•

Graphs of the tensile and compressive strength versus time with the regression line.

•

The percentage property retention at 1000 hours of immersion as determined by the
regression analysis.

Templates for submitting a draft protocol are available on the ASTM website [35]. These
templates already contain some standard reporting formats, and this resource will be utilized for
the final draft of the standard being developed. Other data to be reported include: failure mode
encountered, weight gain, tensile and compressive strengths at selected conditioning times; these
data are in addition to what is already specified in the ASTM standard template. The next chapter
covers a detailed explanation of the procedure, variables and methodology of the experiments
performed to support the development of a standard test protocol for elevated temperature water
exposure.
2.9

Standards Approval Procedure
Whenever the need for some standard arises in the industry, a task group is formed which

performs most of the research associated with that particular standard. This research forms the
basis of the standard without which the standard is deemed unreliable. Within ASTM, there
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exists a hierarchy integral to approval and standards development process. This hierarchy
consists of the task group, the sub-committee, society and main committee and the standards
committee as shown in Fig 2.5.

COMMITTEE ON
STANDARDS

SOCIETY & MAIN
COMMITTEE
SUBCOMMITTEE

TASK
GROUP

Fig 2.5: ASTM standards approval hierarchy
Source: https://info.aiaa.org/tac/adsg/STRTC/Shared Documents/Articles and Technical
Presentations/D30_AIAA_STC100411.ppt , accessed April 28, 2011.
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Draft protocol documents are submitted directly to the task group, who happen to be at
bottom rung of the hierarchy. A task group usually consists of ASTM members who specialized
in the subject matter. In this wet elevated temperature protocol development, the task group
responsible is the ASTM D.20.18.02 committee. When a proposed completed draft is reviewed
and purged of errors by the task group, it is voted on by the subcommittee. If approved, it goes
on to the main committee vote. Otherwise, it is returned to the task group for re-drafting. If the
draft is voted successfully by the committee on standards, it goes on to be published as an
official ASTM standard approved for use industry wise. Unapproved drafts are returned to the
task group for re-drafting, and the whole balloting process is repeated if necessary [36, 37].
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CHAPTER THREE
MATERIALS AND EXPERIMENTAL METHODS
This chapter gives details of the experimental steps and equipment used for this project.
A brief description is given of all apparatus and equipment used. The methodology and standards
referenced are discussed in detail.
3.1

Materials Constituents and Equipment
Samples conditioned in this study were machined out of a 0.25” thick flat sheet of a

pultruded E-glass fiber-reinforced polyester composite stock provided by a commercial
pultruder. Structurally, the composite stock material consists of unidirectional E-glass fiber
roving and continuous strand mat embedded in a polyester matrix, with a fiber volume fraction
of 55.9%. The fiber volume fraction of a FRP composite is obtainable by carrying out resin burnoff procedures as outlined in ASTM D2584 which specifies the “Standard Test Method for
Ignition Loss of Cured Reinforced Resins” [38]. Due to the manufacturing process of pultrusion
and the subsequent machining, the fiber rovings in the composite may be unevenly distributed
and as such, after the machining of samples to test specifications, some samples may contain
more roving than others, and as such may produce some scatter or discrepancy in the data
obtained from mechanical tests.
The FRP composite samples were machined to the geometry required for mechanical
testing prior to the environmental exposure. Those samples to be subjected to tensile test were
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machined to a dog bone shape tensile test sh
shape as specified in ASTM D638--08, as shown in
Figure 3.1 prior to the elevated water temperature conditioning, while
hile the samples
s
for
compression tests were machined to dimensions speci
specified in ASTM D6641-09,, shown in Figure
Fig
3.2 prior to their immersion in the water bath. Machining of the samples
amples prior to environmental
exposure will provide a worst case scenario
scenario, comparable to a composite used in the field with
less cut edges per surface area.. W
Water diffusion into the interior of a larger composite sample
takes longer to occur.

Figure 3.1: Pro/ENGINEER
/ENGINEER rendering of tensile test sample (all dimensions in inches)

Figure 3.2: Pro/ENGINEER
/ENGINEER rendering of compression test sample (all dimensions in
inches)
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3.2

Conditioning Chamber
A temperature controlled water bath, shown in Figure 3.3, was used for immersion

purposes. A thermometer was inserted in the water bath to serve as a monitor, and the water bath
was covered to minimize loss to water to the air through evaporation. The water bath was filled
with distilled water, which served as the moisture medium for conditioning the composite
samples. To reduce or minimize ‘dead zones’ in the water bath, a small water pump (improvised
from a fish tank pump) was placed in the water bath. This served to move the water around the
immersed samples in the bath. The velocity of the water movement however, was not of concern.
In order to maintain a close temperature control, the thermometer was examined daily, and
whenever the temperature of the water bath varied, its temperature control was used to readjust
the temperature back to 100oF accordingly. Machined test samples were arranged in the water
bath in a way that contact between samples is reduced to a barest minimum as shown in Figure
3.4.

Figure 3.3: Water bath showing thermometer and temperature control knob
36



Improvised Water Pump

Figure 3.4: Samples arranged in water bath showing thermometer and improvised pump
3.3

Determination of Moisture Absorption
To determine the moisture absorption by the PFRP, ten samples were machined from the

as-received material stock into a dog bone shape (ASTM 638 -08) [39] and submerged in the
100oF water bath. Their individual weights were recorded daily at 24-hour intervals using an
electronic balance. The samples were removed from the water bath, wiped dry to remove excess
water with a paper towel, and weighed immediately. The cycle of daily weight measurements
was continued throughout the period of study, i.e. 1500 hours, according to ASTM D570
standard [47]. The samples were adjudged to be saturated at the end of the testing period when
there was little or no percentage weight increase recorded for each sample. In some instances, a
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decrease in the weights of the samples was observed. This weight loss phenomenon is accounted
for by some mechanism of a degradation of the components of the composite in the distilled
water conditioning medium, and is explained in detail in chapter four of this work. The
saturation phase was evidenced by the almost horizontal portion of a graph plotted of the
percentage weight gain of the samples against the square root of immersion times (in hours). A
detailed analysis of these moisture absorption mechanics is also presented in chapter four of this
work.
3.4

Mechanical Testing
In order to fully characterize the effects of subjecting the PFRP samples to wet elevated

temperature conditioning, there is a need to perform some mechanical testing on them after
certain intervals. For this work and the standard being developed, tensile tests according to
ASTM D638 standard were performed on the pultruded composite samples after 250, 500, 750,
1000, 1250, 1500 hours of immersion in 100oF distilled water, and compression tests were
performed after 250, 500, 750, 1000 hours of immersion in 100oF distilled water. Results were
documented in order to validate the methodology of the standard.
3.4.1

Tensile testing
In order to characterize the tensile strength of the PFRP samples, tensile testing was

carried out according to ASTM D638-08 which specifies the “Standard Test Method for Tensile
Properties of Plastics” [39]. Ten samples were machined to tensile test specifications contained
in ASTM D638-08, and were tested to failure after each immersion periods of 250, 500, 750,
1000, 1250, 1500 hours in distilled water maintained at 100oF in a water bath. A tensile test
sample is shown in Figure 3.5. For the 250 hours immersion samples, the testing was staggered
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over a period of 6 hours wherein tensile tests were carried out on two samples immediately after
removal from the water bath, and subsequent testing done after 1 , 2, 4 and 6 hours after removal.
This step was done in order to compare the effects of the staggered testing with the aim of
establishing a time frame within which the mechanical testing of pultruded composites exposed
to moisture at elevated temperatures should be performed without substantial effect on its
mechanical properties. Based on this data, it was established that a testing window of 2 - 4 hours
after removal from the water bath (conditioning medium) could be used. Tensile failure mode
descriptions encountered were reported according to failure mode codes outlined in ASTM
D3039-08 [40]. All tensile tests were carried out using an 110kips MTS servohydraulic universal
test machine.

Fig 3.5: Tensile test sample
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3.4.2

Compression testing
In order to characterize the compressive strength of the PFRP samples, compression

testing was carried out according to ASTM D6641-09 which specifies the “Standard Test
Method for Determining the Compressive Properties of Polymer Matrix Composite Laminates
Using a Combined Loading Compression (CLC) Test Fixture” [41]. Samples were machined to
compression test specifications contained in ASTM D6641-09, and six samples were tested to
failure after each immersion periods of 250, 500, 750, 1000 hours in distilled water maintained at
100oF in a water bath.

Samples were not tabbed and were of a rectangular cross section

machined to dimensions of 5.5” x 0.5” x 0.25” as shown in Figure 3.6. Though strain gauges
were not utilized for this compression testing, a gage length of 0.5” was allowed to enable the
failure mechanism room to occur, subject to sample buckling considerations. Once samples were
removed from the water bath, they were allowed to stand in the lab for a two hour period after
which they were tested within two hours i.e. 2 - 4 hour interval after removal from water bath.
Great care was taken to strictly adhere to the specifications and methodology stated in ASTM
D6641-01 while fitting each sample in the CLC fixture. The dimensions of each sample were
also recorded with a caliper while special note was given to the variations along the width and
thickness of the samples due to machining. The test fixture was inspected and adjudged to be
free of foreign matter and not damaged prior to each sample testing. Samples were then aligned
in the test fixture with a square and torqued to 25in-lb. The fixture, with specimen, was then
placed between plattens fixed to the MTS heads and loaded to failure at a rate of 0.2in/min,
while the load versus displacement was simultaneously recorded. After failure occurred, the test
was stopped and loading discontinued. For a test to be valid, the failure must have occurred
within the gage length as failure within grips of test fixture is not acceptable [41]. Although the
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compression tests were carried out according to specifications of ASTM D6641-09, failure
modes which occurred during the compression tests are described according to the failure mode
codes outlined in both ASTM D6641-09, and ASTM D3410-03 [42]. The compression tests were
carried out using a 22kips MTS servohydraulic universal test machine with a TestResources
digital control and data acquisition system. For all the compression tests carried out, samples
were untabbed.

Figure 3.6: Compression test sample
3.5

Post Processing of Data
Results from the tensile and compression tests were collated and tabulated, and this data

is presented in the next chapter. Both tensile and compressive strengths obtained for the various
immersion times have been subjected to a regression analysis using XLSTAT application
package of Microsoft Excel software. All mechanical testing data were screened for outliers
using ASTM D7290 “Standard Practice for Evaluating Material Property Characteristic Values
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for Polymeric Composites for Civil Engineering Structural Applications” [43]. Moisture
absorption data were also analyzed and weight percentage increase calculations have been used
to plot a graph representative of the moisture absorption intake throughout the period of
conditioning. Details of these mathematical manipulations and computations are presented in the
following chapter. A comparison of test results from the as-received material and conditioned
samples was done to ascertain the validity of the results. Sequel to this, a draft standard protocol
focusing on the methodology and experimental method used to obtain results has been prepared,
and is presented in the appendix to this thesis.
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CHAPTER FOUR
RESULTS AND DISCUSSION

In this chapter, test results and other relevant data obtained from mechanical tests, i.e.
tensile and compression testing carried out on PFRP composite samples immersed in deionized
water and held at 100oF for varying periods of time, are presented. Both daily and hourly
moisture absorption data were analyzed and presented graphically. Mean tensile and compressive
strengths were calculated for each sample immersion time and processed to be representative of
all samples subjected to the same immersion times. The mean values of the percentage weight
gain, tensile, and compressive strengths were also graphed against immersion times. Standard
deviation of the values was also calculated. The discussion of these results will also encompass a
comparison between the percentage weight gain, tensile, and compression tests results. The mean
and standard deviation of entire data for each immersion time was calculated by equations (1)
and (2) according to the procedures contained in ASTM D7290 standard [43] as follows:


     




       


   

where:

 = sample mean
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 = sample standard deviation
4.1

n = number of samples, while  = measured property
Moisture Absorption Data

Data from the daily measurements of the weight of the tensile test samples immersed in
100oF distilled water was used to plot a graph showing the weight gain profile of the PFRP
composite, calculated as a percentage of initial weight vs. time of immersion. Fig 4.1 shows the
weight gain profile vs. time of immersion (hours). Fig 4.2 shows the weight gain profile vs. time
of immersion (days). The percentage moisture absorption by weight was calculated according to
ASTM D5229 standard which specifies the “Test Method of Moisture Absorption Properties of
Polymer Composite Materials” [44] and consistent with moisture absorption procedures found in
the Composites Materials Handbook [10]. Percentage weight gain, denoted M, is calculated by
equation (3) as follows:
 

    
   !


where:
M = percentage uptake of water
WWET = Weight of sample at time t
WDRY = Initial weight of sample (dry weight)

Moisture absorption calculations were not conducted according to ASTM D570
“Standard Test Method for Tensile Properties of Plastics” [47] as the procedures contained
therein do not assure saturation of the samples [44]. Both standards, i.e. ASTM D570 and ASTM
D 5229, however will be recommended in the draft standard under development as viable
options for calculation of moisture absorption of PFRP.
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Figure 4.1: Variation of weight gain of PFRP tensile test samples with square root of 100oF water
immersion time (hours)
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Fig 4.2: Variation of weight gain of PFRP tensile test samples against square root of 100oF water
immersion times (days) 1/2
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4.2

Tensile Test Data of Elevated Temperature and Moisture Exposure
Tables 4.1 - 4.7 present the results obtained by the tensile testing of immersed samples.

For clarity, each immersion time’s tensile testing data is presented separately as will be expected
of data arising from the usage of the draft standards being developed through this work if and
when approved by the ASTM committee responsible for PFRP composite standards. Table 4.8
presents result obtained by the tensile testing of the unconditioned as-received material for
control purposes. For all observed values of tensile strength of a set of samples that were
subjected to same conditioning (immersion) time, the presence of outliers was determined using
maximum normed regression (MNR) procedure contained in ASTM D7290 “Standard Practice
for Evaluating Material Property Characteristics Values for Polymeric Composites for Civil
Engineering Structural Applications” [43]. No outliers were found in each set of data as each
calculated MNR statistic is smaller than the Critical Value (CV) at a 5% significance level;
hence, all data values were reported as recorded from the MTS software utilized for the
mechanical testing. Equations (4) and (5) show the relevant equations of the ASTM D7290 used
to determine outlier values in each data set using the MNR method and CV at a 5% significance
level.
#$  

 = sample mean

%&'    '
 )
(

*+   ,  

 = sample standard deviation

-

. /

0 .

n = number of samples

 = measured property
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4.2.1

250 hours immersion
It will be recalled from previous discussions that the 250 hour tensile test samples were

subjected to ‘staggered’ testing whereby two of the ten conditioned samples were tested
immediately after removal from the 100oF distilled water. The eight samples remaining were
tested in twos after intervals of 1, 2, 4 and 6 hours. Results of this operation are presented in
Table 4.1 and illustrated graphically in Figure 4.3. Tensile strength, failure mode, and weight
gain (due to moisture absorption) are reported for the samples in Table 4.2. Statistical values
including the mean and standard deviation of the strength and weight gain are also presented.


Table 4.1: Tensile strength of PFRP composite samples subjected to staggered testing, after 250
hours exposure at 100oF 
Testing Time Window

Number of

Average Tensile Strength

After Removal (hour)

samples tested

(Ksi)

Immediate Testing

2

46.17

1

2

47.71

2

2

47.67

4

2

48.23

6

2

47.44

(0hrs)
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Figure 4.3: Variation in Tensile strength of PFRP Composite Samples with Time of Testing after
Removal from Water Bath, after 250 Hours Exposure at 100oF
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4.2.2

500 hours immersion
Results of tensile tests performed on PFRP composite samples exposed to 100oF distilled

water for 500 hours are presented in Table 4.2. Tensile strength, failure mode, and weight gain
(due to moisture absorption) are reported for the samples. Statistical values including the mean
and standard deviation of both the strength and weight gain are also presented.
4.2.3

750 hours immersion
Results of tensile tests performed on PFRP composite samples exposed to 100oF distilled

water for 750 hours are presented in Table 4.3. Tensile strength, failure mode, and weight gain
(due to moisture absorption) are reported for the samples. Statistical values including the mean
and standard deviation of both the strength and weight gain are also presented.
4.2.4

1000 hours immersion
Results of tensile tests performed on PFRP composite samples exposed to 100oF distilled

water for 1000 hours are presented in Table 4.4. Tensile strength, failure mode, and weight gain
(due to moisture absorption) are reported for the samples. Statistical values including the mean
and standard deviation of both the strength and weight gain are also presented.
4.2.5

1250 hours immersion
Results of tensile tests performed on PFRP composite samples exposed to 100oF distilled

water are presented in Table 4.5. Tensile strength, failure mode, and weight gain (due to
moisture absorption) are reported for the samples. Statistical values including the mean and
standard deviation of both the strength and weight gain are also presented.
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4.2.6

1500 hours immersion
Results of tensile tests performed on PFRP composite samples exposed to 100oF distilled

water are presented in Table 4.6. Tensile strength, failure mode and weight gain (due to moisture
absorption) are reported for the samples. Statistical values including the mean and standard
deviation of both the strength and weight gain are also presented.
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Table 4.2: Tensile properties of PFRP composite samples after 250 hours exposure at 100oF
Sample No

Tensile

Percentage

Failure

Strength

weight gain

Mode

(Ksi)

(%)

1

43.26

0.12

AGB/DGM

2

49.09

0.48

LGM/DGM

3

48.73

0.36

AGM/DGM

4

46.70

0.33

LGT/DGT

5

48.69

0.43

LGT/DGM

6

46.66

0.46

LGM/DGM

7

47.91

0.4

LGV/DGM

8

48.55

0.42

LGM/DGM

9

44.76

0.42

LGT/DGT

10

50.13

0.41

AGM/AGM

Mean

47.44

0.39

Standard

2.12

0.10

Deviation
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Comments

Tested
immediately after
removal from
water bath
Tested
immediately after
removal from
water bath
Tested one hour
after removal from
water bath
Tested one hour
after removal from
water bath
Tested two hours
after removal from
water bath
Tested two hours
after removal from
water bath
Tested four hours
after removal from
water bath
Tested four hours
after removal from
water bath
Tested six hours
after removal from
water bath
Tested six hours
after removal from
water bath

Table 4.3: Tensile properties of PFRP samples after 500 hours exposure at 100oF, all tested in
between 2-4 hrs after removal from water bath
Sample No

1

Tensile

Percentage

Strength

weight gain

(Psi)

(%)

No data

Failure Mode

Sample was crushed by MTS
due to operator error

2

48.06

0.61

LGV/DGM

3

45.24

0.75

LGV/DGM

4

46.50

0.557

AGV/DGM

5

47.45

0.55

LGM/DGM

6

47.71

0.62

AGB/DGB

7

49.36

0.61

AGB/DGM

8

50.03

0.55

AGM/DGM

9

48.72

0.64

LGB/DGM

10

47.91

0.59

LGM/DGM

Mean

47.88

0.61

Standard

1.44

0.06

Deviation
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Table 4.4: Tensile properties of PFRP samples after 750 hours exposure at 100oF, all tested in
between 2-4 hrs after removal from water bath
Sample No

Tensile

Percentage

Strength

weight gain

(Ksi)

(%)

1

46.53

0.62

LGT/DGT

2

46.14

0.71

LGB/DGM

3

50.14

0.64

MGM/DGM

4

40.64

0.65

LGM/DGM

5

43.50

0.67

LGM/DGM

6

44.13

0.68

LGM/DGM

7

47.55

0.59

LGM/DGM

8

44.38

0.69

LGM/DGM

9

43.67

0.68

AGM/DGM

10

45.00

0.60

LGM/DGM

Mean

45.17

0.65

Standard

2.59

0.04

Deviation
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Failure Mode

Table 4.5: Tensile properties of PFRP samples after 1000 hours exposure at 100oF, all tested in
between 2-4 hrs after removal from water bath
Sample No

Tensile

Percentage

Failure

Strength

weight gain

Mode

(Ksi)

(%)

1

44.03

0.70

LGM/DGM

2

45.96

0.74

MGB/DGB

3

46.96

0.64

LGT/DGT

4

45.57

0.63

LGT/DGB

5

44.63

0.70

LGM/DGM

6

38.94

0.67

LGM/DGM

7

40.58

0.70

LGV/DGM

8

45.56

0.69

LGM/DGM

9

43.75

0.77

LGM/DGM

10

42.92

0.76

LGB/DGM

Mean

43.89

0.70

Standard

2.50

0.05

Deviation
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Table 4.6: Tensile properties of PFRP samples after 1250 hours exposure at 100oF, all tested in
between 2-4 hrs after removal from water bath
Sample No

Tensile

Percentage

Strength

weight gain

(Ksi)

(%)

1

42.95

0.73

LGT/DGM

2

44.54

0.77

LGT/DGM

3

43.10

0.72

LGB/DGB

4

39.20

0.90

LGM/DGM

5

45.30

0.86

MGT/DGM

6

43.22

0.78

LGT/DGM

7

50.34

0.86

LGV/DGM

8

45.37

0.82

AGM/DGM

9

47.61

0.73

AGT/DGM

10

46.61

0.78

LGT/DGT

Mean

44.82

0.80

Standard

3.03

0.06

Deviation
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Failure Mode

Table 4.7: Tensile properties of PFRP samples after 1500 hours exposure at 100oF, all tested in
between 2-4 hrs after removal from water bath
Sample No

Tensile

Percentage

Strength

weight

(Ksi)

gain

1

44.40

0.91

LGM/DGM

2

45.66

0.82

LGV/DGM

3

47.06

0.87

LGV/DGM

4

42.01

0.86

LGV/DGM

5

48.12

0.75

MGT/DGM

6

43.27

1.03

LGT/DGM

7

44.95

0.77

LGV/DGM

8

44.84

0.76

AGM/DGM

9

41.67

1.06

AGT/DGM

10

41.44

0.90

DGT/LGT

Mean

44.34

0.87

Standard

2.27

0.11

Deviation
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Failure Mode

Table 4.8: Tensile properties of as-received unconditioned PFRP samples
Sample No

Tensile strength

Failure mode

(Ksi)
1

50.48

AGV/DGM

2

50.10

LGM/DGM

3

49.06

LGV/DGM

4

50.83

LGM/DGM

5

53.17

LGV/DGM

6

50.13

LGV/DGM

7

48.70

AGM/DGM

8

46.38

AGM/DGM

9

54.98

LGM/DGM

10

55.05

LGV/DGM

Mean

50.89

Standard Deviation

2.77
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Figure 4.4: Variation of tensile strength of PFRP composite samples against hourly 100oF water
immersion time. Each time period marker shows the average data for ten test samples. Error bars
show the maximum and minimum strength values determined, while the line shows the average.
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Figure 4.5: Variation of tensile strength of PFRP composite samples against square root of
hourly 100oF water immersion time. Each time period marker shows the average data for ten test
samples. Error bars show the maximum and minimum strength values determined, while the line
shows the average.
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4.3

Tensile Test Data of Room Temperature Moisture Exposure
For comparison purposes, three tensile test samples were weighed and immersed in

distilled water held at room temperature for a period of 30 days corresponding to a 750 hour
exposure. This data is presented in Table 4.9 and will help to provide a basis for the comparison
of the tensile strengths of the PFRP samples exposed to room temperature moisture as against the
samples exposed to elevated temperature moisture. Tensile strength, failure mode, and weight
gain (due to moisture absorption) are reported for the samples. Statistical values including the
mean and standard deviation of both the strength and weight gain are also presented.
Table 4.9: Tensile properties of PFRP samples after 30 days of room temperature moisture
exposure
Sample No

Tensile Strength

Weight Gain

Failure

(Ksi)

(%)

Mode

1

41.05

0.47

LGM

2

42.33

0.47

LGB/LGT

3

44.83

0.52

LGM

Mean

42.74

0.49

Standard

1.92

0.03

Deviation
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4.4

Compression Test Data of Elevated Temperature Moisture Exposure
Tables 4.8 – 4.11 present the results obtained by the compression testing (according to

ASTM D6641 standard) of PFRP composite samples immersed in 100oF distilled water for
varying times. For clarity, each immersion data is presented separately as will be expected of
data arising from the usage of the draft standards being developed if and when approved by the
ASTM committee/hierarchy responsible for PFRP standards approval. Table 4.14 presents
results obtained by the compression testing (CLC) of the as-received material for control
purposes. For all observed values of compressive strength of a set of samples that were subjected
to same conditioning (immersion) time, the presence of outliers was determined using maximum
normed regression (MNR) procedure contained in ASTM D7290 [43].
4.4.1

250 hours immersion
Compression test results for samples immersed in the 100oF distilled water for 250 hours

are presented in Table 4.10. Compressive strength and failure mode are reported for each test
samples. Statistical values such as mean and standard deviation of the data are presented.
4.4.2

500 hours immersion
Compression test results for samples immersed in the 100oF distilled water for 500 hours

are presented in Table 4.11. Compressive strength and failure mode are reported for each test
samples. Statistical values such as mean and standard deviation of the data are presented.
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4.4.3

750 hours immersion
Compression test results for samples immersed in the 100oF distilled water for 750 hours

are presented in Table 4.12. Compressive strength and failure mode are reported for each test
samples. Statistical values such as mean and standard deviation of the data are presented.
4.4.4

1000 hours immersion
Compression test results for samples immersed in the 100oF distilled water for 1000

hours are presented in Table 4.13. Compressive strength and failure mode are reported for each
test samples. Statistical values such as mean and standard deviation of the data is presented
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Table 4.10: Compressive properties of PFRP samples after 250 hours exposure at 100oF
Sample No

Compressive Strength

Failure mode

Comments

(Ksi)
1

47.63

HGM/BGM

Tested immediately
after removal from
water bath

2

43.45

TGM/BGM

Tested immediately
after removal from
water bath

3

41.14

HGM/BGM

Tested 2-4 hours after
removal from water
bath

4

54.16

HGM/TGM

Tested 2-4 hours after
removal from water
bath

5

45.14

TGM/BGM

Tested 2-4 hours after
removal from water
bath

6

46.66

HGM/BGM

Tested 2-4 hours after
removal from water
bath

Mean

46.36

Standard Deviation

4.47
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Table 4.11: Compressive properties of PFRP samples after 500 hours exposure at 100oF, all
tested in between 2-4 hrs after removal from water bath
Sample No

Compression Strength

Failure mode

(Ksi)
1

54.03

HGM/BGM

2

60.51

HGM/BGM

3

57.45

HGM/BGM

4

51.02

TGM/BGM

5

50.60

HGM/BGM

6

44.28

HGM/TGM

Mean

52.98

Standard Deviation

5.71
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Table 4.12: Compressive properties of PFRP samples after 750 hours exposure at 100oF, all
tested in between 2-4 hrs after removal from water bath
Sample No

Compression Strength

Failure mode

(Ksi)
1

54.09

HGM/BGM

2

48.27

HGM/BGM

3

47.83

TGM/BGM

4

43.66

HGM/BGM

5

41.78

HGM/BGM

6

47.83

TGM/BGM

Mean

47.24

Standard Deviation

4.27
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Table 4.13: Compressive properties of PFRP samples after 1000 hours exposure at 1000oF, all
tested in between 2-4 hrs after removal from water bath
Sample No

Compression Strength

Failure mode

(Ksi)
1

46.91

TGM/BGM

2

50.66

HGM/BGM

3

47.59

HGM/TGM

4

47.52

HGM/BGM

5

47.67

TGM/BGM

6

45.75

HGM/BGM

Mean

47.68

Standard Deviation

1.63
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Table 4.14: Compressive properties of as-received unconditioned PFRP samples
Sample no

Compression Strength

Failure mode

(Ksi)
1

62.23

TGM/BGM

2

51.79

HGM/BGM

3

65.40

HGM/TGM

4

66.82

HGM/BGM

5

61.20

TGM/BGM

6

56.75

HGM/BGM

Mean

60.70

Standard Deviation

5.61
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Fig 4.6: Variation of compressive strength of PFRP composite samples with hourly immersion
time. Each time period marker shows the average data for ten test samples. Error bars show the
maximum and minimum strength values determined, while the line shows the average.
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Figure 4.7: Variation of compressive strength of PFRP composite samples with square root of
hourly immersion time. Each time period marker shows the average data for ten test samples.
Error bars show the maximum and minimum strength values determined, while the line shows
the average.
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4.5

Moisture Absorption Discussion
In most composite laminates, the rate of moisture uptake is adjudged to be dependent on

the temperature and the relative humidity of the environment [45]. With increased exposure time
to elevated temperature moisture, the moisture uptake of a composite laminate is expected to go
through an initial increase, indicated by an increase in the weight of the composite. The initial
uptake usually occurs in the early stages of conditioning as illustrated in Figure 4.8a, which
shows the moisture absorption profiles of the two composite materials; continuous aligned Eglass/913 and T300/924 carbon/epoxy, at different temperatures of deionized water conditioning
[45]. Figure 4.1 displays the result of moisture absorption experiments in this study, illustrating
the percentage weight gain by the PFRP composite samples immersed in 100oF distilled water as
a function of the square root of the time of immersion. The graph shows that there was an initial
steep moisture uptake which eventually begins to even out at some point indicating the moisture
being absorbed into the composite has reduced and composite is almost at a saturation phase.
This result is in agreement with the Fickian model shown in Figure 4.8b.
The moisture uptake data obtained in this study shows that the PFRP samples under
moisture absorption study consistently gained weight up to 0.72% over the first 30 days (approx.
750 hours) and then tended to show little weight gain or loss at times over the remaining period.
The moisture uptake profile obtained also followed the Fickian diffusion model, which however,
does not predict the slight weight loss recorded for the samples after the initial steep weight gain.
The slight weight loss phenomenon observed might be explained as a result of a degradation of
the E-glass fiber reinforcement, matrix dissolution and a possible degradation of the fiber/matrix
interface [46].

Residue was seen in the water immersion bath after all the samples were

removed, pointing out to loss of material indicated by the weight loss phenomenon observed.
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The initial rapid moisture uptake began to lessen at the 0.8% moisture absorption phase.
This may point to the start of a saturation phase in the conditioning of the composite in the water.
This saturation phase of the immersed composite samples occurred at about the 55th day of
immersion, representing about 90% of the total immersion time of 1500 hours. Other fiber/resin
systems may have longer or shorter periods to reach saturation. It is recommended in light of this
study that sufficient time be allowed for composite samples to be subjected to wet elevated
temperature conditioning to allow for a saturation phase before they are adjudged to be saturated.
A fully saturated composite sample can be assumed to represent a worst case scenario of
moisture absorption and present useful information on long term exposure in service
environment.
Moisture absorption of a composite laminate remains a major factor in the degradation of
the composite, and this degradation will often manifest in the form of a reduction in the
composite’s mechanical properties such as tensile and compressive strengths. As a basis for
comparison of the effect of elevated moisture conditioning on the tensile properties of the PFRP
studied in this research endeavor, the moisture absorption of each of the ten tensile samples
tested after time intervals of 250, 500, 750, 1000, 1250 and 1500 hours was also recorded, and is
presented in Figure 4.2 as a function of the square root of the immersion times. Maximum
moisture absorption of about 0.87%, with a standard deviation of 0.11 was recorded after the
1500 hours immersion. The weight change data thus indicates that if given some more sufficient
time in the water bath, more moisture absorption may be observed before the saturation phase
occurs. A further degradation of mechanical properties of the PFRP samples, corresponding to
increased moisture absorption is also expected, and this effect of moisture absorption in
preempting mechanical property variation is investigated shortly in the next sub topic. Increasing
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the temperature of the water bath will hasten the absorption of the water by the composite [48].
However, the moisture gain profile is typically expected to follow the Fickian diffusion model.

Figure 4.8a: Moisture Absorption Profile in Continuous Aligned T300/924 and E-glass/913

Figure 4.8b: Typical Fickian Diffusion Curves for F922 epoxy and E-glass/F922
Source: W.R. Broughton and M.J. Lodeiro, “Techniques for Monitoring Water Absorption in
Fibre-Reinforced Polymer Composites,” CMMT(MN)064, 2005, pp. 1-15.
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Composite samples immersed in room temperature moisture for 30 days corresponding to
about 750 hours of immersion indicated an average of 0.49% weight gain with a standard
deviation of 0.03, while samples immersed in 100oF moisture for 750 hours indicated an average
of 0.65% weight gain with a standard deviation of 0.04. This observation points out to the effect
of increasing the temperature of conditioning which often leads to an increase in the moisture
absorption of PFRP composites. This signifies the effect of increasing the temperature of the
conditioning media on immersed samples. However, the proposed standard sets a limit of 100oF
±3oF for the elevated temperature moisture conditioning of PFRP composites. This limit is set to
ensure a quick and tolerable moisture uptake to ensure samples reach saturation without
triggering other mechanisms of degradation as well as guard against breaching the Tg of the resin
matrix.
This study of the moisture absorption behavior of the PFRP composite, carried out in
support of the experimental data obtained for the development of a standard for conditioning of
PFRP composites at elevated temperature and moisture, has served to present information on the
effects of the elevated moisture conditioning of a composite with a polyester resin system, even
though there exist much environmental data for common pultrusion resins such as polyester.
Other resin systems, such as thermoset polyurethane pultruded composites, to which
environmental data is not as widely available as polyester resin systems can still be researched,
and its environmental data obtained [48]. The proposed standard however, is designed to
accommodate all pultruded composites, regardless of the constituents; fiber reinforcement and
resin system alike.
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4.6

Discussion of Mechanical Testing Data
Results from this study demonstrate that the exposure of the PFRP composite samples to

100oF distilled water conditioning had significant effects on its tensile strength as evidenced by
the plot of tensile strength vs. immersion time presented in Figure 4.4, and plot of tensile
strength vs. square root of immersion time in Figure 4.5. The unconditioned as-received PFRP
composite samples had the highest tensile strength with a standard deviation of 2.77, compared
with the samples exposed to 100oF distilled water conditioning, which had similar standard
deviations ranging from 1.44 – 3.03. There was a drop of 7, 6, 11, 14, 12, and 13% in the average
tensile strength of immersed samples corresponding to immersion times of 250, 500, 750, 1000,
1250 and 1500 hours, respectively, as compared with the unconditioned samples. The drop in
tensile strength is expected to continue with increasing exposure times, perhaps even after
saturation thus exhibiting the combined degradation effect of moisture and elevated temperature
exposure on mechanical properties of FRP composites as predicted [31]. Addition of a linear
trend line to the graph points out to the general decline in the tensile strengths with increased
exposure times.
There was not much variation observed in the tensile strengths of the 250 hour samples
that were tested in intervals of 0, 1, 2, 4 and 6 hours after removal from water bath. This is
evidenced in the bar chart illustrated in Figure 4.3. Among the tensile strengths obtained by
testing two samples at each time window of 0, 1, 2, 4 and 6 hours after removal from water bath,
there is a standard deviation of 0.8 Ksi, thus making it safe to assume that as regards the time
window (wait period) of mechanical testing after removal from water bath, there is little or no
effect on the tensile properties of the samples. As such, a 2-4 hour window of testing after
removal from water bath was adopted to allow enough time for sample preparation and
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processing for testing including weighing and dimensional measurements. The same observation
was made for compression test samples immersed for 250 hours. There was not much variation
in the compressive strength of samples tested immediately after removal from the water bath and
as compared with samples tested within the 2-4 hour window. This testing window period will be
specified in the proposed standard.
Table 4.9 shows data for composite samples exposed to room temperature moisture for
30 days (about 750 hours) which recorded a drop of 16% in average tensile strength, with a
standard deviation of 1.92 Ksi, compared to samples exposed to 100oF moisture which recorded
a drop of 11% in tensile strength with a standard deviation of 2.59 Ksi. This observation may
translate to the obvious temperature difference between 100oF and room temperature (RT) of the
moisture not being enough to cause a huge difference in tensile strength drop. Nevertheless, both
moisture conditioning of 100oF and RT caused a drop in the tensile strength of the composite.
This leads to the conclusion that moisture exposure may be more of a degradation agent as
compared to temperature, within the range examined.
The unconditioned as-received PFRP composite samples had the highest compressive
strength with a standard deviation of 5.61 Ksi compared with the samples exposed to 100oF
distilled water conditioning, which also had standard deviations ranging from 1.63 – 5.71 Ksi.
There was a drop of 24, 13, 22, and 21% in the average compressive strength of immersed
samples corresponding to immersion times of 250, 500, 750, and 1000 hours, respectively, as
compared with the unconditioned samples. These variations are presented graphically in Figures
4.6 and 4.7. In contrast to the tensile testing data, results from the compression testing of samples
exposed to 100oF distilled water conditioning did not indicate a continuous increase or decrease
in compressive strength as exposure time increased up till 1000 hours, compared to the results
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from the tensile testing. Following a significant drop in the average compression strength with
250 hours of water exposure at 100oF, the average compressive strength is seen to level out with
a slight increase being seen for the 500 hours water exposure at 100oF. This increase in
compressive strength observed for the 500 hours samples was not expected and could be related
to scatter in the base mechanical properties of this composite.
The variation observed in the compressive strength of the samples is however expected to
continue with increasing exposure times perhaps even after saturation, thus exhibiting the
combined degradation effect of moisture and elevated temperature exposure on mechanical
properties of FRP composites as predicted [20]. Addition of a linear trend line to the graph points
out to a slight general decline in the compressive strength of the samples with increased exposure
times. Figures 4.9 and 4.10 shows some of the failure modes encountered in the tensile and
compression test samples, respectively.



Figure 4.9: Failed tensile test samples showing delamination and angled gage length failure
modes
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Figure 4.10: Failed compression test samples showing through - thickness/ transverse shear
failure modes
4.7

Regression Analysis
A regression analysis is required to be contained in a report arising from the use of the

proposed standard. To this effect, regression analysis was performed on both the tensile and
compressive strengths obtained from the mechanical testing of samples immersed in 100oF
water. The percentage retention at various times may also be obtainable as determined by the
regression analysis. A regression analysis also allows for the collection of data obtained at
various environmental a condition such as conditioning/immersion times (as applicable) to the
current study. It allows for an improved understanding of immediate effects and forecasting of
data based on experimental values. [10]. However, there are important assumptions made in
statistical regression analysis of strength data. These assumptions include that the “the failure
mode remains constant over the change in the parameter, variation remains essentially unaffected
by the parameter, and parameters that are not included as independent variables (such as
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moisture content in a regression on temperature) are fixed” [10]. The assumption that “the failure
mode remains constant over change in parameter” particularly remained true for this study. All
tensile and compression tests were carried out in a similar fashion leading to fairly consistent
data that is subjectable to a regression analysis. Failure modes encountered during the
mechanical testing remained comparable and there were no outliers found in all the strength data
collected.
Due to the nature of the slope of the curve of the graph of average tensile strength vs.
duration of immersion, a non- linear regression was performed using the XLSTAT package of
MS Excel application. A summary of the output of the regression analysis of the average tensile
strength vs. time is displayed in Table 4.15. The tensile strength of the PFRP samples is the
dependent variable while the independent variable was the immersion time. The regression line
of the tensile strength with immersion time is shown in Figure 4.9. A summary of the output
from the regression analysis of the average compressive strength of the PFRP sample vs.
immersion times is displayed in Table 4.16. The compressive strength of the PFRP samples is
the dependent variable while the independent variable was the immersion time. The regression
line of the compressive strength with immersion time is shown in Figure 4.10. As seen in Table
4.15 and Table 4.16, the R2 = 0.797 for the tensile strength regression which indicates a fairly
good fit of the regression model for the tensile strength data; however, the R2=0.453 indicates a
very poor fit for the compression strength data. The correlation between the experimental and
predicted tensile strength based on the model is 89%, while that of the compressive strength is
67%. Additional samples should be tested to evaluate the results obtained in this study for the
compression samples for the 500 hour immersion samples, which was the main source of deviant
compression data.
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Table 4.15: Regression output of experimental average tensile strength
Summary statistics:

Variable Observations
Y
7
X
7

Obs.
Obs. with
without
missing data missing data
0
7
0
7

Std.
Min
Max
Mean deviation
43.890
50.890 46.347
2.515
0.000 1500.000 750.000 540.062

Nonlinear regression of variable Y:
Goodness of fit statistics:
Observations
DF
R²
SSE
MSE
RMSE
Iterations

7.000
5.000
0.797
7.720
1.544
1.243
14.000

Model parameters:
Parameter
pr1
pr2

Value
49.547
0.000

Standard
error
0.868
0.000

Correlation = 0.8926
Equation of the model:
Y = 49.5467985618897*Exp(-9.03922765017667E-05*X)
Predictions and residuals:
Observations
X
Obs1
0.000
Obs2
250.000
Obs3
500.000
Obs4
750.000
Obs5
1000.000
Obs6
1250.000
Obs7
1500.000

Y
50.890
47.440
47.880
45.170
43.890
44.820
44.340
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Pred(Y)
49.547
48.440
47.357
46.299
45.265
44.253
43.264

Residuals
1.343
-1.000
0.523
-1.129
-1.375
0.567
1.076
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Figure 4.11: XLSTAT output of nonlinear regression line of tensile strength of PFRP vs. 100oF
immersion time
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Table 4.16: Regression output of experimental average compressive strength
Summary statistics:

Variable Observations
y
5
x
5

Obs.
without
missing
data

Obs. with
missing data
0
0

Min
5 46.360
5 0.000

Std.
Max
Mean deviation
60.700 50.992
6.015
1000.000 500.000 395.285

Nonlinear regression of variable y:
Goodness of fit statistics:
Observations
DF
R²
SSE
MSE
RMSE
Iterations

5.000
3.000
0.453
79.207
26.402
5.138
16.000

Model parameters:
Parameter
pr1
pr2

Standard
Value
error
56.325
4.111
0.000
0.000

Correlation = 0.6725
Equation of the model:
y = 56.3246944535544*Exp(-2.04316524231062E-04*x)
Predictions and residuals:
Observations
X
Obs1
0.000
Obs2
250.000
Obs3
500.000
Obs4
750.000
Obs5
1000.000

Y
60.700
46.360
52.980
47.240
47.680
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Pred(Y)
56.325
53.520
50.855
48.322
45.916

Residuals
4.375
-7.160
2.125
-1.082
1.764
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Figure 4.12: XLSTAT output of nonlinear regression line of compressive strength of PFRP vs.
100oF immersion time
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4.8

Preparation of Draft Standard
In the light of the foregone discussions, a draft standard for the simultaneous elevated

temperature and moisture conditioning of pultruded fiber reinforced composites has been
prepared and is given in Appendix A. All referenced ASTM standards are specified in the draft
standard. The draft of the standard is by no means conclusive to the study of environmental
effects on PFRP and will only serve as a common starting point for research on elevated
temperature moisture conditioning of PFRP composites.
The following chapter discusses some limitations to this study and recommends future
research in developments of standards for conditioning pultruded composites.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION
5.1

Conclusion
Based on the study carried out to investigate the response of PFRP composite samples to

exposure of 100oF distilled water, a draft standard for the wet elevated temperature testing of
PFRP composites has been prepared for submission to the ASTM hierarchy for approval. The
standard was developed through the study of literature on PFRP composites conditioning and
experimental techniques. Data from the experimental techniques, mechanical testing and
subsequent analysis also provided information on the prediction of long term effects of exposing
PFRP composites to wet elevated temperature conditioning. For instance, the data obtained for
the exposure times can be used to simulate and design test conditions for both accelerated aging
and long term conditioning.
Test samples in this study were machined to testing standards prior to conditioning and
the same practice is recommended for specimen to be conditioned for accelerated aging tests.
This eliminates handling errors and minimizes testing time in addition to simulating a worst case
scenario by exposing more of the fiber/resin system to the environmental degrading media.
Overall, the use of elevated temperature in combination with moisture hastened the degradation
of PFRP composites.
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5.2

Limitations to Study
Mechanical testing of samples was carried out according to ASTM D638-08; however,

failure modes were reported according to ASTM D3039-09 failure mode codes. Complex and
complicated failure modes were observed for some samples where there were multiple failure
modes. The order of the occurrence of the failure modes were not easily determined as failure
mechanisms of the samples occurred within micro seconds of each other and in various
locations. For research purposes, it is of good practice to note the order in which the failure
modes occur and associated locations. This may serve to provide some useful information and
also point out or reduce the probability of error in testing methodology.
While taking the weight measurements, the electronic balance gave fluctuating readings
due to moisture embedded in the samples evaporating as the reading were being taken. To reduce
these variations, the samples were patted to a fairly dry state and weight readings taken as soon
as the read out indicated a fairly stable value. This phenomenon can be eliminated by the
weighing being carried out in a ‘clean’ room with controlled air and humidity to greatly increase
the accuracy of the weight measurements; however, it is recognized that this may not be practical
in all situations and might not even be of much influence on the readings.
An extensometer was not utilized for this study as such there was no modulus data
obtained. The MTS machine used for the testing only provided displacement readings vs.
loading. Modulus calculations using the displacement values are not deemed accurate and were
not performed due to the uncertainly of the strain measurement technique. It is recommended for
future studies that an extensometer or strain gages be utilized so modulus data of samples can be
obtained. This recommendation is contained in the testing standard developed by this study.
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5.3

Proposed Standard
A proposed standard for the “Test Method for the Elevated Temperature Moisture

Conditioning of Pultruded Fiber Reinforced Polymer Composites” is presented in Appendix A.
This standard is presented using the standard ASTM format. The results of the experimental
program presented in this study have been used as a guide in developing this proposed standard.
5.4

Recommendations for Future Study
This study is by no means conclusive to research being carried out on the evaluation of

the effects of various environmental factors especially moisture and temperature on polymeric
composites. The knowledge gained from this research may be used to further explore developing
standards related to testing of conditioned composites and help take this research to the next
level. While this work has produced a draft standard protocol for wet elevated temperature
testing for PFRP composites, there exists room for more research to be carried in areas where
standards do not exist especially as regards pultruded composites. This presents the question of
whether the standards applicable to the wet elevated temperature conditioning of a composite
produced by a particular manufacturing method such as pultrusion would be applicable to other
composites produced by some other manufacturing method such as filament winding, hand layup or compression molding.
This study concentrated on an E-glass/Polyester composite system. The standard
developed through this study may be appropriate for other composite systems. However, the
effect of wet elevated temperature conditioning of other composite systems e.g. carbon/epoxy,
kevlar/epoxy and prepregs is worth researching.
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APPENDIX A
DRAFT OF PROPOSED STANDARD TEST METHOD FOR THE ELEVATED
TEMPERATURE MOISTRE CONDITIONING OF PULTRUDED FIBER
REINFORCED POLYMER COMPOSITES
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Designation: X XXXX-XX

Work Item Number: 0
Date: 0
1
2

Include Ballot Rationale Here (Required for all Ballots)

3

Standard Test Method for the Elevated Temperature and
Moisture Conditioning of Pultruded Fiber Reinforced Polymer
Composites1

4
5
6
7
8
9
10

This standard is issued under the fixed designation X XXXX; the number immediately following the designation
indicates the year of original adoption or, in the case of revision, the year of last revision. A number in parentheses
indicates the year of last reapproval. A superscript epsilon (ε) indicates an editorial change since the last revision or
reapproval.

11



12

1. Scope

13

1.1 This test method covers the conditioning of pultruded fiber reinforced polymer
composites at an elevated temperature and moisture exposure. The conditioning medium
representing elevated temperature and moisture conditioning is deionized water maintained at
100oF ± 3oF (38oC). Mandatory mechanical testing include tensile and compression testing. A
regression analysis of mechanical test data is required to be reported for the determination of
percentage strength retention. Modulus may also be reported.

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

1.2 This test method is intended to simulate the environmental effects of water at an elevated
temperature on pultruded products which are frequently exposed to water and mild temperature
conditions.
1.3 This standard is meant for use in the conditioning and subsequent testing of fiber
reinforced pultruded products and may not be appropriate for testing and conditioning composite
products manufactured by other means other than pultrusion or products not reinforced with
fibers.
1.4 The values stated in SI units are to be regarded as the standard; however, the use of
English units is also acceptable. The values provided in parentheses are for information only.
1.5 This standard does not purport to address all of the safety concerns, if any, associated
with its use. It is the responsibility of the user of this standard to establish appropriate safety and
health practices and determine the applicability of regulatory limitations prior to use.
 
 This test method is under the jurisdiction of ASTM Committee
D20 and is the direct responsibility of
Subcommittee D20.18.02.
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2. Referenced Documents
2.1 ASTM Standards:2
D 638 Standard Test Method for Tensile Properties of Plastics
D 2344 Standard Test Method for Short-Beam Strength of Polymer Matrix Composite
Materials and Their Laminates
D 2584 Standard Test Method for Ignition Loss of Cured Reinforced Resins
D3039 Standard Test Method for the Tensile Properties of Polymer Matrix Composite
Materials
D 3410 Standard Test Method for Compression Properties of Polymer Matrix Composite
Materials with Unsupported Gage Section Shear Loading
D 5229 Test Method of Moisture Absorption Properties of Polymer Composite Materials 
D 6641 Standard Test Method for Determining the Compressive Properties of Polymer
Matrix Composite Laminates Using a Combined Loading Compression (CLC) Test Fixture
D 7290 Standard Practice for Evaluating Material Property Characteristic Values for
Polymeric Composites for Civil Engineering Structural Applications
D 3878 Terminology for Composite Materials
E 6 Terminology Relating to the Methods of Mechanical Testing
E 177 Practice for Use of the Terms Precision and Bias in ASTM Test Methods
E 456 Terminology Relating to Quality and Statistics
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2.2 Industry Documents:
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CMH-17-1F Composite Materials Handbook, Volume 1- Polymer Matrix Composites
Guidelines for Characterization of Structural Materials3
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3. Terminology
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60

3.1 Definitions - Terminology D 3878 defines terms relating to high-modulus fibers and
their composites. Terminology D 883 defines terms relating to plastics. Terminology E 6 defines
terms relating to mechanical testing. Terminology E 456 and Practice E 177 define terms relating
to statistics. In the event of a conflict between terms, Terminology D 3878 shall have precedence
over the other standards.
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For referenced ASTM standards, visit the ASTM website, www.astm.org, or contact ASTM customer service at
service@astm.org. For Annual Book of ASTM Standards volume information, refer to the standard’s Document
Summary page on the ASTM website.
Available from U.S. Army Research Laboratory, Materials Directorate, Aberdeen Proving Ground, MD 21001
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4. Summary of Test Method
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4.1 This is a method of conditioning pultruded fiber reinforced polymers in moisture
maintained at elevated temperature. Composite samples are machined to tensile test and
compression test shapes and immersed in deionized water maintained at 100oF ± 3oF. Immersed
sampled are removed from conditioning medium and subjected to mechanical testing. Tensile
samples are loaded in tension and tested to failure while compression test samples are loaded in a
combined loading compression fixture (CLC) and tested to failure. Load vs. displacement data
are collected until the sample being tested fails. An extensometer and/or strain gauge for tensile
and compression tests, respectively, may be used to obtain strain data and thus allow modulus of
samples to be determined. A regression analysis to determine percentage retention is performed
on strength data obtained after testing.
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5. Significance and Use
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5.1 This test method is designed to address variations existing in the conditioning of
pultruded products and strives to produce near field environmental conditions to which pultruded
composites are often subjected. It will serve to support the load resistance factor design (LFRD)
standard is currently under development by the American Society of Civil Engineers (ASCE)
through a project initiated by the Pultrusion Industry Council of the American Composite
Manufacturers Association (ACMA) [1, 2]. Regression analysis arising from testing of
conditioning samples in elevated temperature and moisture environment will serve to help
predict a relationship between the time of aging of the pultruded samples in the conditioning
media and variations in the mechanical properties, such as tensile and compressive strength of
the composite.
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6. Interferences
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6.1 Water or conditioning medium is required to be circulated to minimize “dead” space in
conditioning chamber in addition to separating test specimen within the chamber. Stagnant water
is deemed not to be representative of field conditions. A special pump can be introduced into the
conditioning chamber to achieve adequate water flow around the samples.
6.2 Temperature of conditioning chamber is required to be monitored and examined daily. As
such, the conditioning chamber must be equipped with a device for controlling and monitoring of
temperature of the environmental media. Fluctuations in the temperature of media can lead to an
unrealistic testing devoid of field conditions.
6.3 Samples immersed in conditioning media are required to be machined to appropriate
ASTM protocol prior to immersion, and have minimal contact with each other. This practice
serves to allow for optimum moisture diffusion into the composite. Machining of the samples
prior to environmental exposure will provide a worst case scenario as a composite used in the
field will have more area, and water diffusion into the interior of a larger composite sample will
take longer to occur. Poor machining will lead to a higher scatter in data obtained from
mechanical testing of samples.
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6.4 Samples must be wiped dry and weighed before mechanical testing. Dripping wet
samples may give an untrue strength of the sample and subject samples to slip in grip due to
moisture contained in micro pores of the composite and possible failure within grip. Failures
outside gage length of both tensile and compression samples are unacceptable.
6.5 Due to test sample preparation time, samples for compression testing were not tabbed.
Samples are removed from conditioning chamber and tested within 2-4 hours after removal.
Time window allows ample time for both sample and test fixture preparation, measurement of
sample weight, and dimensions.
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7. Apparatus
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138

7.1 Conditioning Chamber - A temperature controlled water bath is to be used for
immersion purposes. A thermometer inserted in the water bath serves as a temperature monitor,
and the water bath must possess a cover in order to minimize loss to water to the air through
evaporation.
7.2 Water Pump – In order to reduce or minimize ‘dead zones’ in the water bath, a small
water pump (or similar device) may be placed in the water bath. An air pump may be utilized for
this purpose and reported if used.
7.3 Micrometer – A suitable micrometer is required for measuring the width and thickness of
test samples. The micrometer should be able to measure up to an accuracy of at least 0.025mm
(0.001in.)
7.4 Testing Machine – A materials testing machine capable of performing tensile and
compression tests according to ASTM D 638 and ASTM D6641 test protocols respectively. A
CLC test fixture is also required for performing compression tests.
7.5 Strain Indicating Device – An extensometer/strain guage is required for performing
tensile test whenever modulus data of conditioned tensile samples is vital and needed to be
reported. A strain gage is needed on compression test samples for measuring strain for
calculation of compressive modulus of compression test samples.
7.6 Data Acquisition Equipment – A computerized system, capable of recording load vs.
displacement data is required. Where necessary, force and strain data may also be recorded as
testing progresses.
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8. Reagents and Materials
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8.1 Immersion Water – Water, representing moisture exposure, in which samples will be
immersed, must be deionized water. Distilled water may also be used satisfactorily as a
conditioning medium.
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9. Sampling, Test Specimens, and Test Units
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9.1 Sampling – Test at least 10 samples per immersion time unless valid results can be
gained through use of fewer samples.
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9.2 Geometry – Samples must be machined into sizes specified by appropriate ASTM
protocol prior to conditioning by machining operations, or die cutting, from sheet stock material.
9.2.1 Specific Recommendations – Those samples to be subjected to tensile test are to be
machined to a dog bone shape tensile test shape as specified in ASTM D638-08 prior to the
elevated water temperature conditioning, while the samples for compression tests are to be
machined to rectangular dimensions specified in ASTM D6641-09 prior to their immersion in
the water bath.
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10. Preparation of Apparatus

157

10.1 The conditioning chamber is required to be thoroughly cleaned with deionized water
and wiped clean of debris with a paper towel. Thermometer must be placed in such a way that its
sensor does not come in contact with the walls of the conditioning chamber.
10.2 Test water pump prior to begin of conditioning and investigate water flow pattern. The
water pump must be submerged in such a way so as to ensure optimum and adequate flow of
water around the immersed samples.
10.3 Calibrate conditioning chamber by filling it with deionized water and control its
temperature until it is steady at the temperature required for conditioning the samples. Leave
conditioning chamber to stabilize for some long period. A two to three days monitoring of the
temperature of the conditioning chamber is recommended.
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11. Calibration and Standardization
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11.1 Accuracy of all measuring equipment especially the micrometer and thermometer shall
have certified calibrations that are current at the time of use of the equipment.
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12. Conditioning

173

12.1 Conditioning – Condition both the compression and tensile test samples by immersing
them in the deionized water. The deionized water must have already been brought up to the
required temperature of 100oF ± 3oF. Samples not immersed should be marked as conditioning
travelers and assumed to undergo a zero hour immersion. Leave samples immersed in the
deionized water for at least 1000 hours.

174
175
176
177
178
179

13. Procedure
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13.1 General Instructions:
13.1.1 Perform all mechanical testing within 2 to 4 hours after removal from the conditioning
chamber. Wipe samples dry of excess water prior to testing.
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13.1.2 Weigh samples before immersion in conditioning chamber and after removal, in order
to determine moisture gain and establish a moisture gain profile of the composite. This step may
be omitted unless specified as required.
13.2 Specific Instructions:
13.2.1 Remove ten tensile test samples from conditioning chambers and test to failure
according to ASTM D 638 after each intervals of 250, 500, 750, 1000, 1250 and 1500 hours.
Examine sample after failure to verify that a correct failure mode has occurred Record the failure
mode observed according to failure codes listed in ASTM D 3039.
13.2.2 Remove ten compression test samples from the conditioning chambers and test to
failure according to ASTM D 6641 after each interval of 250, 500, 750, 1000, 1250 and 1500
hours. Examine sample after failure to verify that a correct failure mode has occurred. Record the
failure mode observed according to failure codes listed in ASTM D 3410 and ASTM D 6641.
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14. Calculation or Interpretation of Results

197

14.1 Calculate tensile strength and modulus of the tensile samples according to procedures
specified in ASTM D 638. Graph the average compressive strength and modulus vs. immersion
time if strain data was obtained.
14.2 Calculate compressive strength and modulus of the compression samples according to
procedures specified in ASTM D 6641. Graph the average compressive strength and modulus vs.
immersion time if strain data was obtained.
14.3 Examine the observed strength and modulus data for outliers according to procedures
outlined in ASTM D 7290. Mean and standard deviation of each immersion time testing data
should also be calculated according to the ASTM D 7290 protocol.
14.4 Perform a regression analysis utilizing available computer software. Use the regression
analysis to determine the percentage strength retention after 1000 hours of exposure.
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15. Report

210

15.1 Report the following information:
15.2 The date(s) and location(s) of the test.
15.3 Complete identification of the composite, including type, source, and fiber volume
content.
15.4 Method of preparing samples.
15.5 Type of test samples and dimensions.
15.6 Number of samples tested.
15.7 The ASTM test protocol used and failure modes encountered.
15.8 The equipment used for the environmental conditioning chamber.
15.9 Graphs of the compressive strength and modulus vs. time with the regression line.
15.10 Graphs of the tensile strength and modulus vs. time with the regression line.
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15.11 The percentage retention at 1000 hours as determined by the regression analysis.
15.12 Any variations to this test method, anomalies noticed during testing and conditioning
or equipment problems and modifications
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16. Precision and Bias

226

16.1 Precision:
16.1.1 The precision and bias of strength and modulus data obtained after mechanical testing
depends on strict adherence to the ASTM test method appropriate for the testing. Material factors
can affect the scatter of the results such as the manufacturing quality and machining skill while
preparing the samples.
16.1.2 Since this test method applies to pultruded composites, it should be noted that the
process of pultrusion may result to fiber reinforcement not being evenly dispersed in the polymer
matrix. This may account for some variation in mechanical testing data.
16.1.3 Errors may arise from measurement of width and thickness of samples through
incorrect use of calipers. Where samples are improperly machined leaving to a variation in
thickness or width, such anomaly must be noted and reported.
16.1.4 Complex failure mode consisting of combined failure modes may be encountered.
Such must be reported as complex and where possible, the sequence of the occurrence of the
failure should be reported. Such data can throw up useful information.
16.2 Bias – Bias cannot be determined for this test method as no acceptable reference
standard exists.
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17. Keywords
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17.1 Pultruded composites; pultrusion; immersion; conditioning; regression analysis;
percentage retention.
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